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Direct Interaction
between Amino- and Carboxyl-Terminal Domains
of Cyclic Nucleotide-Gated Channels
Sharona E. Gordon, Michael D. Varnum, copper phenanthroline can be used to trap a protein in
a conformation with distinct functional properties (Ca-and William N. Zagotta
Department of Physiology and Biophysics reaga and Falke, 1992a). These alterations in properties,
in turn, act as functional reporters of disulfide bondHoward Hughes Medical Institute
University of Washington formation. Since formation of a disulfide bond can occur
only when specific distance and geometric conditionsBox 357370
Seattle, Washington 98195 are met, structural information on interdomain interac-
tions can be inferred from these changes in functional
properties.
Using this approach of promoting the formation ofSummary
disulfide bonds, we have identified two regions of chan-
nel sequence, the amino-terminal region and the car-We have examined domain interactions in the rod
boxyl-terminal region, that lie in close proximity. Forma-cyclic nucleotide-gated ionchannel usingboth physio-
tion of a disulfide bond between two native cysteinelogical and biochemical interaction assays. We have
residues in these domains (C35 and C481) locked thefound an interaction between two regions of the chan-
channels in a conformation that responded to lowernel distant in primary structure, the amino-terminal
concentrations of cGMP and had increased activationregion and the carboxyl-terminal region containing
in response to a saturating concentration of cAMP. Thisthe cyclic nucleotide-binding (CNB) domain. The inter-
interdomain interaction was directly observed bio-action in functional channels was detected by the
chemically using a gel overlay assay between variousformation of a disulfide bond between cysteine resi-
polypeptide fragments of each of the two domains. Thedues at position 35 in the amino-terminal region and
interaction between the amino- and carboxyl-terminal481 in the carboxyl-terminal region. The disulfide bond
regions persisted when using polypeptides that ex-resulted in channel potentiation, which was due, in part,
cluded either C35 or C481 and in the presence of dithio-to an increase in availability of C481 to modification
threitol (DTT), indicating that the interdomain interactionwhen the channels were open. This state dependence
was not dependent on disulfide bond formation. Weis likely to underlie previously reported potentiation of
conclude that the amino- and carboxyl-terminal regionscyclic nucleotide-gated channels by sulfhydryl-reac-
of thecyclic nucleotide-gated ion channels interact. Thistive compounds. Polypeptides derived from the amino-
interaction can explain previous results, which indicateterminal and carboxyl-terminal regions were shown
that the amino-terminal region of the channel may influ-to interact, even under conditions which precluded
ence its activation by cyclic nucleotides.disulfide bond formation. These data argue for a pre-
viously unknown, direct interaction between disparate
regions of channel sequence. Results
Functional Consequences of DisulfideIntroduction
Bond Formation
We have studied the proximity between channel do-Cyclic nucleotide-gated (CNG) ion channels of photore-
ceptor and olfactory receptor cells act as critical trans- mains by promoting the formation of covalent bond(s)
between cysteine residues. The targets for this studyduction elements, converting external sensory stimuli
into changes in membrane potential. Although they are were those disulfide linkages whose formation altered
channel function. We examined this question using bo-activated by the direct binding of cGMP (photorecep-
tor; Fesenko et al., 1986) or cAMP (olfactory receptor; vine rod cyclic nucleotide-gated channels expressed
from subunit 1 in Xenopus oocytes. Channels were acti-Nakamura and Gold, 1987), their primary structure
places them not in the ligand-gated family of ion chan- vated in inside-out patches by application of cyclic
nucleotide to the bath. After initial measurements ofnels, but in the voltage-gated family of ion channels (Jan
and Jan, 1990). Conservation of primary structure, a channel function were performed, the mild oxidant cop-
per phenanthroline (Cu/P) was applied to the bath forsix transmembrane-domain architecture, and tetrameric
assembly of homologous subunits are all general fea- 5 or 10 min (see Experimental Procedures) and then
removed. Measurements of channel function were thentures of this ion channel family. We know little, however,
about the tertiary or quaternary structural features that repeated.
Figure 1 shows the results of oxidation on the ex-contribute to channel function.
One approach to investigating conformational fea- pressed rod channels. Currents in response to voltage
jumps from a holding potential of 0 mV to 80 mV weretures in proteins has been to exploit the chemistry of
cysteine residues. Functionally important regions and recorded from inside-out patches at the cyclic nucleo-
tide concentrations indicated. The currents shown heredynamics can be identified by incorporating cysteine
residues and examining the consequences of modifying and throughout the paper are difference currents in
which the current in the absence of cyclic nucleotide,them with various specific reagents. For example, cata-
lyzing the formation of disulfide bonds between engi- and at the same voltage, has been subtracted. Whereas
treatment with Cu/P did not alter the current elicited by aneered cysteines with a mild oxidizing reagent such as
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Figure 1. Potentiation of Activation of Ex-
pressed Rod Photoreceptor Channels by Cu/P
(A) Currents from inside-out patches pro-
duced by jumping the voltage from a holding
potential of 0 mV to 80 mV at the indicated
cyclic nucleotide concentrations. Panels on
the left were recorded before and panels on
the right recordedafter treatment of the patch
with a 10 min exposure to Cu/P in the pres-
ence of 2 mM cGMP.
(B) Dose-response curves for activation by
cGMP. Closed circles represent currents mea-
sured initially, and open diamonds represent
currents measured after the 10 min Cu/P ex-
posure. Data are from the same patch as in
(A), in which the currents at each concentra-
tion of cGMP were measured at 80 mV. The
smooth curves are fits with the Hill equation:
(I 5 Imax
[cNMP]n
K1/2n1[cNMP]n
)
with K1¤2 5 50 mM, Imax 5 15,642 pA, and n 5
2.0 before and K1¤2 5 21 mM, Imax 5 15,642 pA,
and n 5 1.13 after Cu/P treatment.
(C) Dose-response curves for activation by
cAMP. Currents were recorded at 100 mV.
Symbols have the same meaning as in (B).
The smooth curves are fits with the Hill equa-
tion, with K1¤2 5 2.9 mM, Imax 5 292 pA, and
n 5 1.7 before and K1¤2 5 2.9 mM, Imax 5 2,411
pA, and n 5 1.3 after Cu/P treatment.
saturating concentration of cGMP (2 mM), it dramatically cAMP, the binding sites for ligand are maximally occu-
pied. The increase in maximal current after treatmentincreased the currents elicited by either a subsaturating
concentration of cGMP (4 mM) or saturating cAMP (16 with Cu/P must therefore be due, at least in part, to
alterations inactivation conformational changes that oc-mM; Figure 1A). For cGMP, this potentiation was seen
as a shift of the dose-response curve toward lower con- cur subsequent to cyclic nucleotide binding (Gordon
and Zagotta, 1995b). Monitoring the increase in channelcentrations as well as a decrease in its slope (Figure
1B). The K1¤2 for cGMP was reduced from an initial value activation by cAMP is thus equivalent to monitoring the
relative favorability of these activation step(s).of 70.9 mM (6 6.16 mM; N 5 3; mean 6 SEM) to 43.5
mM (6 11.4 mM; N 5 3) after treatment with Cu/P, and The potentiation observed after treatment with Cu/P
could be slowly reversed by the reducing agent DTTthe limiting slope of the dose-response relation was
reduced from 2.0 (6 0.08; N 5 3) to 1.13 (6 0.04; N 5 3). (Figure 2). The current evoked by saturating cAMP was
measured before and after treatment with Cu/P. DTTThe potentiation of cAMP-activated channels was seen
as an increase in maximal current (Imax,cAMP/Imax,cGMP 5 was then added to the bath, together with saturating
cAMP. This allowed for the continuous measurement of0.011 6 0.004 before and Imax,cAMP/Imax,cGMP 5 0.15 6 0.03
after Cu/P treatment; N 5 9), a shift of the dose-response the cAMP-activated currents. The DTT/cAMP solution
was periodically rinsed away to allow for the measure-curve toward lower concentrations (K1¤2 decreased from
2.9 mM 6 0.6 mM to 2.1 mM 6 0.3 mM; N 5 5) and a ment of the leak current and the current activated by
saturating cGMP (Figure 2, breaks in DTT time bar).decrease in limiting slope (from 1.8 6 0.09 to 1.1 6 0.07;
N 5 5; Figure 1C). There was no voltage dependence Under these conditions, the cAMP-activated current de-
creased over tens of minutes, toward the level seento this potentiation (data not shown).
Although the decrease in slope of the dose-response before Cu/P potentiation. For the patch shown in
Figure 2, Imax,cAMP/Imax,cGMP increased from an initial valuecurves for activation by both cGMP and cAMP suggests
that the mechanism for potentiation is complex, the in- of 0.027 to 0.15 after a 10 min treatment with Cu/P and
decreased to 0.039 with 47 min of exposure to DTT.crease in maximal current for cAMP points to at least
one effect that occurs. At a saturating concentration of Similar results were seen in three other patches. In the
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higher oxidation states of channel cysteines can occur,
the effect of the low concentration of Cu/P was to pro-
mote the formation of a disulfide bond.
Localization of Cysteines Required
for Disulfide Bond Formation
The task of determining which cysteines were involved
in the disulfide bond(s) was facilitated by the relatively
small number of cysteines in the channel sequence. Of
a total of seven, only the four cysteines expected to be
intracellular were considered to be candidates: C35 in
the amino-terminal region; C481 in the carboxyl-terminal
region just prior to the CNB domain; and C505 and C573
within the CNB domain. These cysteines were mutated
one at a time to threonine or alanine (if the cysteine to
threonine mutant did not express well enough to evalu-
ate), and the mutant channels' responses to Cu/P were
examined. The results of those experiments are shown
in Figure 3. Dose-response curves for activation by
cGMP, both before and after treatment with Cu/P, re-
vealed that disulfide bond formation (i.e., potentiation)
persisted in channels containing either the C505T (Fig-
ure 3C) or C573A (Figure 3D) mutations. In contrast, for
channels containing either C35A (Figure 3A) or C481T
(Figure 3B), the dose-response curves for activation by
cGMP were the same before and after Cu/P treatment,
indicating that these mutations had disrupted disulfideFigure 2. Reversal of Cu/P Potentiation by 2 mM DTT
bond formation. Furthermore, although treatment withThe current activated by 16 mM cAMP is plotted versus time after
Hi-Cu/P was completely ineffective on the C481T chan-patch excision. Currents were measured at 100 mV. The current
nels, it potentiated channels lacking C35 (data nottraces labeled (a), (b), and (c) were recorded at the times indicated
by the (a), (b), and (c) arrows, respectively. We did not investigate shown). This demonstrates that Hi-Cu/P oxidized a sin-
a small but steady decline in current at saturating cGMP observed gle cysteine, whereas Cu/P promoted the formation of
with DTT treatment (see also Figure 4). The solid bar labeled ``Cu/P'' a disulfide bond between two cysteines.
represents the time during which the patch was exposed to Cu/P
The effect of these mutations could be quantified by(with 2 mM cGMP), and the solid bars labeled DTT represent the
examining channel activation by cAMP. At saturatingtimes during which the patch was exposed to DTT (with 16 mM
cAMP, channel activation can be described by a simplecAMP).
two-state model (Gordon and Zagotta, 1995b):
absence of DTT, no such reversal of potentiation was C L↽⇀ O [scheme 1]
observed, and prolonged exposure to DTT had little
effect on channels that had not beenpreviously exposed
to Cu/P (data not shown). These data indicate that Cu/P In terms of the model, potentiation results from an in-
crease in the equilibrium constant for activation (L). Thetreatment potentiated channel function by promoting
the formation of a disulfide bond. free energy difference between the open and closed
configurations can then be calculated for activation byCu/P treatment can, in some cases, oxidize cysteine
residues to sulfonic acid or other high oxidation states cAMP both before and after treatment with Cu/P (see
Figure 3 legend). These data are shown in Figure 3E.(Oae and Doi, 1991). We addressed whether such high
oxidation states might be of importance here by using For wild-type channels, the free energy difference be-
tween the open and closed configurations was approxi-a 1000-fold higher concentration of Cu/P (Hi-Cu/P; 5
mM phenanthroline and 1.5 mM cupric sulfate in NaCl/ mately 1.5 kcal/molmore favorable afterCu/P treatment.
Both the C505T and C573A mutants also showed poten-HEPES; Careaga and Falke, 1992a). Two minute treat-
ments with Hi-Cu/P dramatically potentiated channel tiation after Cu/P treatment. However, for the C35A and
C481T channels, potentiation by Cu/P was virtually elim-activation, increasing Imax,cAMP/Imax,cGMP from 0.018 (6
0.0041, N 5 5) to 0.58 (6 0.085, N 5 5). In addition to inated; there was no significant difference between free
energies of activation before and after Cu/P treatment.being much larger and faster than potentiation induced
by treatment with the lower concentration of Cu/P, the Taken together, these data indicate that Cu/P promoted
the formation of a disulfide bond between C35 in thepotentiation observed here occurred even in the ab-
sence of cGMP (see below) and was not reversed by amino-terminal region of the channel and C481 in the
carboxyl-terminal region of the channel. Sucha disulfideDTT (data not shown). Potentiation by Hi-Cu/P likely
occurred through oxidation of a cysteine in the channel linkage could only occur if the a-carbon of C35 were to
come within about 4 AÊ of the a-carbon of C481 and if(see below) to a sulfonic or sulfinic acid. Thus, although
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Figure 3. Localization of Cysteines Involved in the Disulfide Bond
(A±D) Dose-response curves for activation by cGMP before (closed circles) and after (open diamonds) 10 min exposures to Cu/P with 2 mM
cGMP. Currents were measured at 100 mV. The smooth curves are fits with the Hill equation with the following parameters: (A) C35A, Imax 5
13,583 pA, K1¤2 5 40 mM, and n 5 1.8; (B) C481T, Imax 5 6,072 pA, K1¤2 5 19 mM, and n 5 2.0; (C) C505T, Imax 5 2,381 pA, K1¤2 5 37 mM, and
n 5 2.0 before and Imax 5 2,323 pA, K1¤2 5 24 mM, and n 5 1.3 after Cu/P treatment; (D) C573A, Imax 5 2,240 pA, K1¤2 5 52 mM, and n 5 2.0
before and Imax 5 2,205 pA, K1¤2 5 22 mM, and n 5 1.2 after Cu/P treatment. Mean values for these channels were: C35A, K1¤2 5 62 mM 6 11
mM, n 5 1.92 6 0.04, and N 5 5 before and K1¤2 5 59 mM 6 12 mM, n 5 1.74 6 0.11, and N 5 5 after Cu/P treatment; C481T, K1¤2 5 24 mM 6
4.0 mM, n 5 1.98 6 0.02, and N 5 4 before and K1¤2 5 21 mM 6 3.2 mM, n 5 1.98 6 0.03, and N 5 4 after Cu/P; C505T, K1¤2 5 35 mM 6 1.9
mM, n 5 1.9 6 0.04, and N 5 5 before and K1¤2 5 28 mM 6 2.1 mM, n 5 1.3 6 0.03, and N 5 4 after Cu/P; and C573A, K1¤2 5 39 mM 6 6.8 mM,
n 5 2.0, and N 5 5 before and K1¤2 5 22 mM 6 2.2 mM, n 5 1.26 6 0.04, and N 5 5 after Cu/P.
(E) The difference in free energy difference for channel activation by 16 mM cAMP before and after Cu/P treatment, in which DG has been
calculated as:
2RTln
IcAMP
IcGMP
1 2
IcAMP
IcGMP
(Gordon and Zagotta, 1995b). Error bars, SEM.
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(DGcAMP,initial 2 DGcAMP,after Cu/P 5 0.28 kcal/mol 6 0.12 kcal/
mol; N 5 3);and (4) the application of DTT to the channels
reduced the fraction of channels activated by saturating
cAMP (compared to saturating cGMP) toward the level
observed immediately after patch excision (Figure 4c).
DTT treatment had only a small effect on the current
activated by a saturating concentration of cGMP and
no effect on C35A and C481T channels (data not shown).
Following reduction by DTT, treatment with Cu/P in-
creased the current nearly as much as observed with
wild-type channels (Figure 4d). These data suggest that
the amino acid side-chain at position 505 can alter the
reactivity of C481. When C505 is mutated to methionine,
C481 forms a disulfide bond after patch excision without
added oxidant and even when the channels are primarily
closed (see below). This disulfide bond can then be
reduced by DTT, and reformed by Cu/P.
Interaction between Amino- and
Carboxyl-Terminal Regions
The formationof a disulfide bond between C35 and C481
suggests that the amino-terminal and carboxyl-terminal
regions lie in close proximity in the tertiary structure.
To explore the possibility that these two regions might
directly interact, we used a gel overlay assay that wasFigure 4. Spontaneous Formation of Disulfide Bond in C505M
a modification of the one used to detect homophilicChannels
binding of ShB channel amino-terminal domains (Li etPlotted are current values measured in 16 mM cAMP at 100 mV.
al., 1992). Briefly, polypeptide fragments derived fromThe current traces labeled (a), (b), (c), and (d) were recorded at the
times indicated by the (a), (b), (c), and (d) arrows, respectively. The the rod channel amino- and carboxyl-terminal regions
solid bar labeled DTT represents the time during which the patch were produced as fusion proteins in a bacterial expres-
was exposed to DTT (with 16 mM cAMP) and the solid bar labeled sion system. The amino-terminal polypeptides were run
Cu/P represents the time during which the patch was exposed to on a denaturing polyacrylamide gel, transferred to a
Cu/P (with 2 mM cGMP). Prolonged exposure to DTT had no effect
nitrocellulose filter, and renatured. The filter was thenon C35A or C481T channels (data not shown).
probed with carboxyl-terminal polypeptides that were
engineered to include a carboxyl-terminal ``FLAG'' tag,
providing a means of detecting specific binding between
other specific geometric requirements were met (Ca-
amino- and carboxyl-terminal regions using an anti-
reaga and Falke, 1992b). Thus, the amino-terminal re-
FLAG antibody.
gion of the rod CNG channel must lie in close proximity
The results from a typical gel overlay assay are shown
to the carboxyl-terminal region. in Figure 5A. The probe used in this experiment was
The slightly reduced magnitude of potentiation ob- the rod channel carboxyl-terminal region beginning at
served in C505T mutant channels (see Figure 3C and amino acid 421 (Brod-C#421, lane 1). In the gel overlay,
C505T bar of Figure 3E) suggests that the nature of the this probe produced strong and specific binding to the
amino acid residue at position 505 might in some way rod channel amino-terminal polypeptide (Brod-N, lane
alter the chemistry or accessibility of its near neighbor 2) but not to a ShB channel amino-terminal polypeptide
at 481. To evaluate this possibility, we made several (ShB-N, lane 3). However, as expected, this ShB amino-
other mutations at the 505 position and examined the terminal polypeptide did interact with a FLAG-tagged
resultant channels. Experimental results from one such ShB amino-terminal polypeptide used as a probe (data
mutant channel, C505M, are shown in Figure 4. Upon not shown). The relative amount of target protein in each
excision of a patch, these channels were similar to wild- of these lanes is indicated by Coomassie blue staining
type channels in that saturating cAMP activated only a (bottom). Lane 4 shows a similar gel overlay when the
small fraction of the current activated by saturating incubation with probe was done in the presence of 2
cGMP (Figure 4a). However, over the next several min- mM DTT. The similarity in the signal with and without
utes, the fraction of channels activated by saturating DTT suggests that the binding interaction between the
cAMP increased (Figure 4b). We wondered whether this amino- and carboxyl-terminal regions did not require
increase in current might reflect the spontaneous forma- the formation of a disulfidebond between C35 and C481.
tion of the C35±C481 disulfide bond. Several features The amino terminus of the native rod channel has
of the C505M channels' behavior (after the increase in been shown to be cleaved between S92 and S93 during
cAMP-activated current reached steady state) sup- postranslational processing in photoreceptor cells but
ported this idea: (1) the high apparent affinity of these not in oocytes (Molday et al., 1991; but see also Hurwitz
channels for cGMP (K1¤2 5 22.5 mM 6 0.5 mM; N 5 2); and Holcombe, 1991). To determine whether thecleaved
(2) the relatively shallow limiting slope of the dose- sequence was involved in the interaction with the car-
response curve for activation by cGMP (n 5 1.28 6 0.02; boxyl-terminal region, we generated peptides con-
taining only the sequence preceding the cleavage siteN 5 2); (3) the channels' resistance to Cu/P treatment
Neuron
436
Figure 5. Interaction of Amino- and Car-
boxyl-Terminal Regions Revealed by a Gel
Overlay Assay
(A) Gel overlay assay of amino-terminal
polypeptides (Brod-N and ShB-N) with the
carboxyl-terminal polypeptide probe (Brod-
C#421) under normal and reducing condi-
tions. Lane 1 is a Western blot of the probe.
``Target'' specifies the polypeptide immobi-
lized on the filter, and ``probe'' specifies the
polypeptide used as a probe for gel overlays.
A Coomassie blue stain of the gel is shown
at the bottom.
(B) Localization of amino-terminal region in-
volved in the interaction.
(Brod-N#1±92) or the sequence between the cleavage fundamental and direct interaction between these two
regions of channel sequence.site and the first putative transmembrane domain (Brod-
N#93±161). As shown in Figure 5B, thecarboxyl-terminal
probe produced no detectable binding to Brod-N#1±92 State Dependence of Disulfide Bond Formation
Since the potentiation of channel function that resulted(lane 2) but significant binding to Brod-N#93±161 (lane
3), even though both peptides were present in similar from disulfide bond formation appeared to be due in part
to a decrease in the free energy of the open configura-amounts (Coomassie blue, bottom). This indicates that
the uncleaved portion of the amino-terminal region tion relative to the closed configuration, we examined
whether formation of the disulfide bond might be sensi-(amino acids 93±161) was both necessary and sufficient
to interact with the carboxyl-terminal region. In addition, tive to the activation state of the channel. To do this,
we applied Cu/P in the presence of either a saturatingsince C35 is in the cleaved portion of the amino-terminal
region, this result underscores the fact that this protein concentration of cGMP, as done in the experiments
above, or in the absence of cyclic nucleotide. The shiftinteraction did not require the formation of a disulfide
bond between C35 and C481. It suggests that the region in the dose-response curve for activation by cGMP after
treatment of open channels with Cu/P in the presencecontaining C35 was not required for the interaction but
was positioned near C481 as a result of the interaction. of saturating cGMP is shown in Figure 7A. In contrast
to the above potentiation, treatment of closed channelsTo identify the structural elements of the carboxyl-
terminal region involved in the interaction with the with Cu/P in the absence of cyclic nucleotide produced
no change in the dose-response curve for activationamino-terminal region, we expressed various FLAG-
tagged carboxyl-terminal polypeptides and used these by cGMP (Figure 7B). To determine whether the cross-
linking of the cysteines occurred after initial binding ofas probes against Brod-N (Figure 6). The interaction
persisted for carboxyl-terminal polypeptides missing cyclic nucleotide or after a later step in activation, we
treated with Cu/P in the presence of saturating cAMP,the linker between the last transmembrane segment
and the CNB domain (Brod-C#497, lane 5), indicating which bound to the channels without causing significant
activation. As shown in Figure 7C, this treatment alsothat the region including C481 was not required for the
interaction. In addition, we observed binding to polypep- did not produce potentiation.
State dependence was also observed for potentiationtides missing the B- and C-helices of the CNB domain
(Brod-C#497DBC, lane 7), a region of the CNB domain of cAMP-activated currents. Using scheme 1, we calcu-
lated DGcAMP before and after treatment with Cu/P andinvolved in the opening conformational change (Goulding
et al., 1994; Varnum et al., 1995; Varnum and Zagotta, plotted the difference between these two values in Fig-
ure 7D (see Figure 3 legend). Treatment with Cu/P in1996; Gordon et al., 1996). Finally, the amino-terminal
region recognized polypeptides consisting of only the the presence of saturating cGMP altered the channels,
so that subsequently applied cAMP was a more effectivebeta roll portion of the CNB domain (Brod-C#497±570,
lane 9) or only the region following the beta roll (Brod- promotor of channel activation. No such change in the
ability of cAMP to activate the channels was detectedC#555, lane 11), although this binding required larger
amounts of probe and produced a fainter signal. Thus, following treatment of the patches with Cu/P, either in
the absence of cyclic nucleotide or in the presence ofmultiple sections of the rod carboxyl terminus contribute
to its interaction with the amino-terminal region. The saturating cAMP. These data indicate that, in the time
of these experiments, the disulfide bond between C35above data indicate that the formation of a disulfide
bond between cysteines in the amino- and carboxyl- and C481 could form only when the channels were open
(see Figure 9).terminal regions is a fortuitous consequence of a more
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Figure 6. Involvement of Multiple Regions of
the Carboxyl-Terminal Domain in the Interac-
tion with the Amino-Terminal Region
(A) Diagram of the various carboxyl-terminal
polypeptides used in the interaction.
(B) Gel overlay assays of target polypeptides
(Brod-N and GST) with various carboxyl-ter-
minal polypeptide probes. The positions of
the Brod-N and GST targets are indicated.
Approximately the same amount of probe
was used in each case.
The open-state specific formation of the disulfide in that there was no decrease in slope of the dose-
response relation for activation by cGMP (n 5 1.98 6bond could result in two ways: (1) a change in the prox-
0.02; N 5 5).imity between the amino- and carboxyl-terminal regions
The apparent overlap between the mechanisms ofduring opening of the channel and/or (2) a change in
potentiation by Cu/P and NEM treatments suggestedthe availability of C35 and/or C481 during opening of
that the state dependence of disulfide bond formationthechannel. Previously, it hasbeen suggested that mod-
might be due to state-dependent modification of C481.ification of C481 by cysteine-specific reagents potenti-
If this were the case, the ability of NEM to potentiate theates CNG channel activation (Balakrishnan et al., 1990;
channels should also be state dependent. ExperimentsDonner et al., 1990; Finn et al., 1995; Broillet and Fire-
examining the effect of the activation state of the chan-stein, 1996). We examined modification of the rod chan-
nel on alkylation by NEM are shown in Figure 8. Whereasnel with N-ethylmaleimide (NEM). The effect of a brief
treatment with NEM in the presence of saturating cGMPtreatment with NEM on channel activation by saturating
(i.e., on open channels) dramatically increased the frac-cGMP and cAMP is shown in Figure 8A for wild-type,
tion of channels activated by cAMP (Figure 8A), similarC481T, and C35A channels. For bothwild-type and C35A
duration NEM treatment either with no cyclic nucleotidechannels, NEM treatment dramatically increased the
or with a saturating concentration of cAMP (i.e., on
current in response to cAMP, with no apparent change
closed channels; Figure 8B) did not significantly alter the
in the current activated by saturating cGMP. For C481T
cAMP-activated current. Using scheme 1, we calculated
channels, NEM treatment altered neither the cGMP- nor
DGcAMP before and after treatment with NEM and plottedthe cAMP-activated current. These data suggest that the difference between these two values in Figure 8C
treatment with NEM can cause potentiationby alkylating (see Figure 3 legend). Treatment with NEM applied with
C481. That the nature of the amino acid residue at posi- cGMP made activation by cAMP more favorable by
tion 481 can itself influence channel activation is further about 2.5 kcal/mol. In contrast, treatment with NEM with
shown by the C481T mutant channels. Even before treat- either no cyclic nucleotide or with saturating cAMP pro-
ment with Cu/P, the apparent affinity of these channels duced little or no change in activation by cAMP.
for cGMP was higher (K1¤2 5 23.6 mM 6 4.0 mM; N 5 5),
and cAMP was a better agonist (Imax,cAMP/Imax,cGMP 5 0.12 Discussion
6 0.033; N 5 5) than for wild-type channels. The effects
of this mutation were different from both Cu/P potentia- In this paper we show that the amino-terminal and car-
boxyl-terminal regions of CNG channels interact. Thistion and NEM potentiation (Finn et al., 1995), however,
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Figure 7. State Dependence of Disulfide Bond Formation
(A) Dose-response curves for activation by cGMP before (closed circles) and after (open diamonds) a 10 min incubation with Cu/P plus 2 mM
cGMP. The data are the same as in Figure 1.
(B) Dose-response curves for activation by cGMP before and after treatment with Cu/P in the absence of cyclic nucleotide. Symbols are the
same as in (A). Currents were recorded at 100 mV. The solid curves shown are fits with the Hill equation using the following parameters: Imax 5
6,281 pA, K1¤2 5 44 mM, and n 5 2.2.
(C) Dose-response curves for activation by cGMP before and after treatment with Cu/P in the presence of 16 mM cAMP. Symbols are the
same as in (A). Currents were recorded at 20 mV. The solid curves shown are fits with the Hill equation using the following parameters: Imax 5
11,510 pA, K1¤2 5 69 mM, and n 5 1.8.
(D) Difference in the free energy difference of activation by 16 mM cAMP before and after treatment with Cu/P. DG was calculated as in the
Figure 3 legend. Error bars, SEM.
interaction was demonstrated by both the formation of by oxidizing either C35 or C481 alone. Several lines of
evidence suggest that this was not the case. The abilitya disulfide bond between the two regions in functional
channels and a direct interaction between the regions of DTT to reverse Cu/P-induced potentiation suggests
that some disulfide bond is involved; DTT treatment isin vitro. The interaction could occur between the amino-
and carboxyl-terminal regions within a single subunit or not expected to reduce either sulfonic or sulfinic acid.
Furthermore, we did observe higher oxidation statesbetween channel subunits. The above data support the
following model for potentiation by Cu/P (Figure 9A) and after treatment with Hi-Cu/P. The potentiation caused
by Hi-Cu/P was larger and faster than that observedNEM (Figure 9B). When the channels are closed, C481
is in a conformation that is not available (Cu/P) or is after Cu/P treatment and was not reversed by DTT. The
Hi-Cu/P treatment was ineffective on C481T channelsless available (NEM) for modification. As part of channel
activation, the conformation of C481 changes, making but did not require C35, in contrast to the effect of
Cu/P treatment, which required both C35 and C481.it available for modification. Whether modification con-
sists of alkylation by NEM or formation of a disulfide Oxidation of C481 may account for the residual potentia-
tion of C35A channels after Cu/P treatment (see Figurebond with C35, its state dependence is an important
source of potentiation: because modification is favored 3E). These data support the idea that Cu/P treatment
promoted formation of a disulfide bond between C35when channels are open, channel opening is favored
when C481 is modified. and C481, and that the potentiation observed resulted
from alteration of the chemistry of C481.We considered the possibility that Cu/P acted not by
promoting the formation of a disulfide bond but rather What sort of role might the interaction between the
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Figure 8. Localization and State Depen-
dence of Potentiation by NEM
(A) Currents in response to 16 mM cAMP
(thick lines) or 2 mM cGMP (thin lines) before
(top row) or after (bottom row) treatment with
NEM plus 2 mM cGMP for wild-type (left),
C481T (center), and C35A (right) channels.
NEM was applied for 30 s to the wild-type
channels and 60 s to the C481T and C35A
channels.
(B) Currents in response to 16 mM cAMP
(thick lines) or 2 mM cGMP (thin lines) before
(top row) or after NEM treatment (bottom row)
for wild-type channels. For the currents on
the left, the NEM solution contained no cyclic
nucleotide, and for the currents on the right,
the NEM solution also contained 16 mM
cAMP. NEM was applied for 30 s for both
experiments.
(C) Difference in the free energy difference of
activation by 16 mM cAMP before and after
treatment with NEM. DG was calculated as in
the Figure 3 legend. Error bars, SEM.
amino-terminal region and the CNB domain have in channels through effects on the opening conformational
change (Hsu and Molday, 1993; Chen and Yau, 1994;channel function? Experiments comparing activation of
olfactory and rod CNG channels suggest a possible an- Gordon et al., 1995). Liu et al. (1994) found that Ca21/
calmodulin inhibition of expressed olfactory channelsswer (Goulding et al., 1994; Gordon and Zagotta, 1995b).
A fundamental difference between the olfactory and rod required amino acids 61±90 in the amino-terminal re-
gion. Deletion of this region eliminated Ca21/calmodulinchannels is that the opening conformational change in-
duced by cyclic nucleotide binding is much more favor- modulation and produced channel behavior similar to
wild-type channels treated with Ca21/calmodulin. Thisable for the olfactory channel. Consequently, olfactory
channels have a higher apparent affinity for cGMP and same segment of the amino-terminal region was re-
cently shown to directly interact with the carboxyl-termi-a higher fractional activation by cAMP than do rod chan-
nels. Attempts to localize the region(s) of channel se- nal region in olfactory channels, and Ca21/calmodulin
was found to disrupt this interaction (Varnum and Za-quence responsible for this difference were made using
chimeric channels that were part-olfactory and part- gotta, 1997). Furthermore, deletionof amino acids 61±91
was found to completely eliminate the interaction be-rod in sequence. It was found that although channel
activation required a concerted allosteric conforma- tween the amino- and carboxyl-terminal polypeptides.
These results suggest that the interaction of the amino-tional change, sequence differences in amino-terminal
regions appeared particularly influential on the free en- terminal region with the CNB domain underlies the ef-
fects of the amino terminus on channel activation. Bind-ergy of the allosteric transition (Goulding et al., 1994;
Gordon and Zagotta, 1995b). In fact, an olfactory chan- ing of Ca21/calmodulin or deletion of part of the amino-
terminal region both inhibit olfactory channel functionnel with a rod channel amino-terminal region and a rod
channel with an olfactory channel amino-terminal region by interfering with this role.
How might the amino-terminal region of CNG chan-both exhibited properties intermediate between those
of the rod and olfactory channels. Additionally, it was nels act as a modulator of channel function? The data
presented here demonstrate that not only is the amino-found that deleting nearly the entire amino-terminal re-
gion from a rod channel produced an increase in appar- terminal region physically close to the CNB domain,
but the two regions directly interact. Binding of cyclicent affinity for cGMP (Gordon and Zagotta, 1995b), fur-
ther supporting the idea that the amino-terminal region nucleotide to the CNB domain initiates the conforma-
tional change(s) that constitute channel activation. Bycan influence cyclic-nucleotide binding and/or channel
activation. directly contacting this important channel structure, the
amino-terminal region is poised to exert an influenceAnother line of experiments points to a role for the
amino-terminal region in channel activation. Ca21/cal- on both cyclic nucleotide binding and the subsequent
conformational change(s). Examining the manner inmodulin has been shown to inhibit both rod and olfactory
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was seen between these two times (data not shown). DTT was made
as a 100 mM stock in the NaCl/HEPES/EDTA solution and diluted
to a final concentration of 2 mM in the NaCl/HEPES/EDTA solution
with 16 mM cAMP added. NEM was made as a 0.5 M stock in dry
ethanol and diluted to a final concentration of 2 mM in NaCl/HEPES/
EDTA solution with either 2 mM cGMP, 16 mM cAMP, or no cyclic
nucleotide, as indicated in the figure legends. Cu/P, DTT, and NEM
were made fresh from stocks daily.
The polypeptide fragments were produced as fusion proteins in
a bacterial expression system. The amino-terminal polypeptides
were constructed as fusion proteins with glutathione S-transferase
(GST) in the pGEX-2TK plasmid (Pharmacia). The carboxyl-terminal
polypeptides were constructed as poly-histidine fusions in the pQE-
30 plasmid (QIAGEN). The carboxyl-terminal polypeptides were
also synthesized with an eight amino acid ``FLAG'' epitope tag
(DYKDDDDK) on the carboxyl terminus, which allowed them to be
detectedby Western blotting with an anti-FLAGantibody (IBI). These
constructs were transformed into E. coli BL-21 (GST fusions) or M15
(poly-histidine fusions) strains; protein expression was induced by
0.25 mM IPTG at 258C±308C for 3±5 hr. Cells were harvested and
resuspended in HBS lysis buffer (20 mM HEPES [pH 7.2], 150 mM
NaCl, 25 mM imidazole, 1% NDSB-256 [Calbiochem], 0.5% CHAPS,
and 0.25% Tween-20) plus protease inhibitors. Bacterial cells were
lysed using a French Pressure Cell (SLM Instruments, Rochester,
NY), and soluble protein was isolated by centrifugation at 20,000 3
gat 48C for 20 min to pellet the insoluble fraction. GST fusion proteins
were then purified using glutathione-sepharose beads (Pharmacia);
poly-histidine fusion proteins were purified using NiNTA beads (QIA-
GEN)and eluted with 100 mMEDTA in HBS lysis buffer. The polypep-
tides from subunit 1 of the bovine rod channel were composed of the
following amino acids: Brod-N (2±161); Brod-N#1±92 (1±92); Brod-
N#93±161 (93±161); Brod-C#421 (421±686); Brod-C#497 (497±686);
Brod-C#497DBC (497±571, 622±686); Brod-C#497±570 (497±570);
and Brod-C#555 (555±686). The control peptides were composed of
the following amino acids: ShB-N (1±5, 47±227 of the ShB potassium
channel; Papazian et al., 1987) and CRP-bind (4±138 of the cAMP
binding domain of the catabolite gene activator protein; Cossart
and Gicquel, 1982; Aiba et al., 1982).
The gel overlay assay was a modification of the one used to detect
homophilic binding of ShB channel amino-terminal domains (Li et
Figure 9. Cartoon Model for Modification by Cu/P (A) and NEM (B)
al., 1992). The target polypeptides were separated by SDS-PAGE
``C'' represents the closed configurations of the channel, and ``O'' on a denaturing 10%±20% polyacrylamide gel (BioRad) and trans-
represents the open configurations. The ``S'' symbols represent C35 ferred to a nitrocellulose filter by electroblotting. After transfer, the
(right) and C481 (left). residual protein in the gel was stained with Coomassie blue. The
polypeptides on the filter were then renatured by successive 10 min
incubations in HBS lysis buffer supplemented with guanidine-HCl
which the amino- and carboxyl-terminal region interac- at decreasing concentrations: 6 M, 3 M, 1.5 M, 0.75 M, 0.38 M, 0.19
tion changes as a function of the activation state of the M, 0.1 M, and 0 M. The filter was blocked by incubating for 60 min
in HBS lysis buffer supplemented with 5% dehydrated Carnationchannel may further illuminate the role of both domains
milk, and for another 10 min in HBS lysis buffer supplemented within channel function.
1% dehydrated Carnation milk. The filter was then probed by incu-
bating 12 hr in 5 ml HBS lysis buffer supplemented with 1% dehy-Experimental Procedures
drated Carnation milk and between 1 and 5 nmol probe polypeptide.
For control blots of the FLAG-tagged probe, no probe was added.The cDNA clone for the bovine rod channel was isolated as pre-
All incubations were done in roller bottles at room temperature.viously described (Gordon and Zagotta, 1995a), with a sequence
Western analysis was performed in an Automated Gel Stainer (Hoef-identical to that published by Kaupp et al. (1989), and subcloned
fer) with M2 anti-FLAG primary antibody (IBI). Chemiluminescentinto a high expression vector kindly provided by E. R. Liman (Liman
detection was performed using the ECL system (Amersham).et al., 1992). Construction of mutant DNAs, expression in Xenopus
oocytes, and electrophysiology were performed as previously de-
scribed (Gordon and Zagotta, 1995a, 1995b).
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